THE PEA APHID Macrosiphum pisi (Kltb.) has at times caused severe damage to alfalfa (Medicago sativa L.) in certain areas in California, western Ne vada, and elsewhere in the United States. In most of these sections, serious damage occurs at irregular intervals, the amount being largely dependent upon weather conditions during the winter and early spring. However, in the Antelope Valley of southern California, some damage has occurred regu larly since 1924. During some seasons, 90 per cent of the fields have been damaged; during others, as few as 10 per cent have been aifected. With a severe infestation, the first crop is a total loss, and the second is slow to develop because the plants are weakened by the aphids. In the Antelope Valley and elsewhere, most of the known methods of insect control have been tried without pronounced success. Although grazing the fields immediately after the insects first appear has reduced losses, the isola tion or breeding of resistant varieties seemed to offer the only satisfactory method of eliminating this aphid damage. Insect resistance in plants has been recognized for a long time. Blanchard and Dudley (1934) 5 were the first to report resistance to aphids in alfalfa. The genetics of resistance to insects in plants has engaged the attention of a number of investigators. The literature on, the whole subject of insect resistance as related to crop plants was reviewed by Bigger (1943) , Jones (1943) , Dahms (1943) , Blanchard (1943), and Painter (1943) , in a symposium at the Annual Meeting of the American Society of Agronomy. Comparatively few cases were noted where a satisfac tory genetic analysis of insect resistance has been made. No such case was reported for alfalfa.
A survey of badly infested fields in the Antelope Valley region revealed occasional plants that showed little or no damage. From 1930 to 1933 ber of such plants were transferred to an alfalfa nursery near Sacramento. Some of these proved to be susceptible, but others were heterozygous for resistance as determined by progeny tests. The inheritance of resistance to the pea aphid for one of these plants, no. 334, has been studied in considerable detail. The results are reported in this paper.
PLANTS CHOSEN FOR S T U D Y
The alfalfa plants brought from the Antelope Valley were characteristically Common Chilean, the variety normally grown there. A number proved to be susceptible, while others were heterozygous for resistance. Plant no. 334 was selected for a detailed study because initial data suggested that it was segregating for a single factor for resistance. Additional data from the first and second self ed generations, which are equivalent to F 2 and F 3 generations in regard to the segregation of the character under consideration, failed to confirm this theory. Furthermore, the data did not suggest any other satis factory genetic interpretation. Since the classification of some plants had been unsatisfactory, a change in technique was worked out, which we hoped would give more certain classification.
For further study, one of the resistant F 2 plants, no. 334-19, which, on the basis of F 3 and F 4 progeny tests, proved to be homozygous and highly re sistant, was crossed reciprocally with a susceptible plant, no. 3344, of the same variety. From this cross, 503 F 2 plants were tested for resistance. Al though an attempt was made to get self ed seed from all of these plants, suffi cient seed for a progeny test was obtained on only 256 of them.
METHODS OF T E S T I N G FOR RESISTANCE Original Technique.
In testing the progeny of plant no. 334 for aphid resist ance, the seedlings were grown singly or in groups of not more than four in 10-inch pots and were covered with a cylindrical 18-mesh screen-wire cage. When the plants were an inch and a half or more tall and appeared to be growing rapidly, four or five female aphids were introduced into each cage. They were kept in the cage until a population large enough to damage the plant had accumulated or until the plants had demonstrated their resistance. The aphids multiplied rapidly on checks and other susceptible plants and did considerable damage in a week or 10 days. There was some variation in the rate of reproduction under different stages and conditions of plant growth, especially at different temperatures. Maximum populations developed only at temperatures that were high enough to insure the growth of succulent plants.
Aphids were unable to maintain themselves on the most resistant plants, although they usually bore several nymphs during the first few days. They lived from 4 to 15 days, depending upon the conditions of growth. At tem peratures most suitable for rapid growth of the plants, they lived only a short time. The aphids reacted to feeding on resistant plants in a fairly uniform and characteristic way. After 1 or 2 days they became restless, some of them leaving the plants and crawling about the cage. The body color changed from pea green to blue green, and the abdomen became shrunken with a white fringe around the margin. The aphids died soon thereafter. June, 1950 J Jones-Brig gs-Blanchard : Resistance to Pea Aphid in Alfalfa 11 The fungus disease Entomophthora aphidis, common among aphids, was encountered from time to time. Aphids dead from this disease can be dis tinguished from those killed by feeding on resistant plants or from over crowding.
Many plants showed an intermediate degree of infestation even under apparently favorable growth conditions. This ranged from a quite small population to one almost, if not entirely, equal to the lower limit obtained on the susceptible checks. Considerable uncertainty arose as to the proper classification of these plants.
Revised Technique. Before the progeny of resistant no. 334-19 x susceptible ,no. 3344 was tested, an effort was made to find means of assuring a more positive classification and thus permitting accurate differentiation between resistant and susceptible plants. Single plants were caged, and one secondinstar nymph was introduced. The rate of nymph production and the length of the production period were used as measures of resistance. On plants of the resistant parent, second-instar nymphs usually failed to reach maturity in the normal time and upon maturity produced few nymphs or none at all. The length of life did not exceed 9 days. On plants of the susceptible parent, from 4 to 9 nymphs were produced per day for a period of 10 to 15 days. F 2 plants that appeared to be resistant on first test were reinfested to make certain that the classification was correct.
RESULTS OF P R O G E N Y TESTS
The resistant parent no. 334-19 was selected from the progeny of no. 334, a heterozygous plant brought in from the Antelope Valley, on the basis of high resistance in the first, second, and third inbred generations. Secondinstar aphids, caged singly with individual progeny plants of plant no. 334-19, usually failed to produce nymphs (table 1) but occasionally produced a small population during a period of 7 to 9 days. Under similar conditions, the progeny of susceptible parent plant no. 3344 produced an average of more than 5 per day during a period of 10 to 15 days.
Reciprocal crosses between resistant plant no. 334-19 and susceptible plant no. 3344 were made in 1935. Ten F x plants were tested and found to be almost as resistant as no. 334-19. These plants were placed in a large cage for the purpose of obtaining self ed seed. The flowers were tripped at 4-day intervals throughout the flowering period. The resulting set of seed was satisfactory.
Eesistance in F 2 . From this seed, 503 F 2 plants were tested individually for reaction to aphids; 262 were from one plant of no. 334-19 x no. 3344; and 241 were from one plant of the reciprocal cross. Aphid production ranged from 0.0 to 8.9 per day, with no difference between reciprocal crosses. The F 2 data are shown in table 1.
The revised technique differentiated clearly between the resistant and sus ceptible parents when average values are considered. However, when indi vidual plants are taken into account, it will be seen that the number of nymphs on one resistant plant approached the lower limit of those found on suscepti ble plants. If all plants with an average of three or more nymphs per day are considered susceptible, as is indicated by the reaction of the susceptible parent plants, the data suggest a single dominant factor for resistance with 0.0 0 1-0 9. 1.0-1.9 2.0-2 9 3.0-3.9 4.0-4.9 5.0-5.9 6.0-6.9 7 0-7 9 8 0-8 
Percentages of Susceptible Plants in F 3
Families. An attempt was made to self all 503 F 2 plants in order to get seed for progeny tests. As is usual with alfalfa, considerable difficulty was experienced in getting seed. Some plants set no seed, and others produced too few to be useful. In all, 256 plants yielded enough seed to permit a progeny test. The number of plants in each progeny ranged from 8 to 70, with an average of 25. Some consideration was given to dropping families represented by fewer than 15 plants, but this procedure did not alter the final conclusions.
The percentage of susceptible plants in these 256 F 3 families, together with their F 2 classification according to the average number of nymphs produced on them, is shown in table 2. Plants were rated as susceptible if they had an average of four or more nymphs per day over a period of 10 or more days.
Analysis of Gene's from F 3 Results. Among the F 3 populations, there are families homozygous for resistance and for susceptibility to aphid attack, as well as families that may be considered as segregating in 3 :1 and 1:3 ratios (table 3) . Such a distribution could result only from a dominant and a reces sive gene. The F 2 classification was only partly correct, and the proportion of segregating and homozygous F 3 families is not in accordance with expecta tion on the basis of two independent genes.
Forty-four of the F 2 parents had four or more nymphs and were conse quently classed as susceptible (table 3) . These plants would be expected to June, 1950] Jones-Briggs-Blancharä : Resistance to Pea Aphid in Alfalfa 13 give rise to F 3 families either homozygous for susceptibility or segregating at the ratio of one resistant to three susceptible. This proved to be the case, although they did not occur in the ratio of one homozygous to two segregating families, as would be expected on the basis of independent segregation, but in the ratio of 33 :11. Sixteen additional F 3 families segregated as 1:3, these having 0.1 to 3.9 nymphs per day on their F 2 parents. The final ratio was thus 33 :27, which is still far from the 1:2 ratio expected.
From the 140 F 2 parent plants, on which there had been an average pro duction of from 0.1 to 3.9 nymphs per day, the resulting families might reasonably have been expected to fall in the group segregating 3:1 and higher ratios, with a few families homozygous for resistance (because occasional nymphs appeared on the resistant parent). In the main, these expectations were realized (table 3) , although there were 16 families which segregated one resistant to three susceptible. (These were mentioned in the previous paragraph.) Of these 16 heterozygous susceptible families, 11 were clearly evident. The other 5 were judged to belong to this group on the basis of the degree of resist ance exhibited by the resistant segregates, a point that will be discussed later. Three of these 5 fell in the 45.0-49.9 per cent class and 2 in the 50.0-54.9 per cent class (table 2). The record of the 16 F 2 parents of these families is of interest : 1 fell in the 0.1-0.9 class, 6 in the 1.0-1.9 class, 4 in the 2.0-2.9 class, and 5 in the 3.0-3.9 class. Therefore, no point is indicated which clearly sep arates the homozygous and heterozygous susceptibles from other genotypes. While the criterion of four did screen out all the homozygous susceptible F 2 plants, it separated only about two thirds of the heterozygous susceptibles. If a lower point is taken, some other genotypes are included.
The 24 homozygous resistant families from the F 2 plants of this 0.1-3.9 group came from all classes of nymph production represented in it. They were distributed as follows : 6 from 0.1-0.9 class, 9 from the 1.0-1.9, 8 from the 2.0-2.9, and 1 from the 3.0-3.9 classes.
The 72 F 2 plants on which no nymphs were produced gave rise to families which were either homozygous for resistance or were segregating in the range of 3 :1 or higher ratios. This relation is in line with expectations, since the 10 Fi plants tested were highly resistant. As the old technique was used with the F x , no direct comparisons can be made.
The 27 families segregating one resistant to three susceptible plants (table  3) indicate the presence of a recessive factor for resistance. These families had 602 plants, of which 439, or 72.9 per cent, were susceptible. The resistant plants in these families were only intermediate in resistance. With one or two exceptions, all supported a population of nymphs, which in some cases ap proached that of the lower limits of susceptible plants.
There is ample evidence of the presence of a dominant gene for resistance, although families segregating in the ratio of three resistant to one susceptible cannot be distinguished from those segregating for a dominant and a recessive gene, thus giving a 13 :3 ratio.
The proportion of segregating to homozygous families observed is not in accordance with independent segregation, as may be seen in table 3. This is especially noticeable in the proportion of susceptible families to those segre gating in the ratio of 1:3. Linkage would bring about such a relation. Since only 58 of the 256 F 3 families, or 22.7'per cent, were resistant-hardly enough to satisfy the hypothesis of a single dominant resistant gene-we did not expect to find a crossover value that would permit a satisfactory fitting with all classes. There were 33 susceptible families in a population of 256, a rela tion which would result from a crossover of 28.2 per cent. The expected re action of F 2 plants and segregation of F 3 families on this basis are given in figure 1 , and the expected numbers for the population under consideration are shown in table 3.
While the divergence between observed and calculated numbers by the foregoing theory is statistically significant, it is not so great as that obtained from a number of other genetic theories considered. A few additional points follow which support the theory advanced. The total number of F 3 families segregating out the lower percentages of bunt expected from cells 3, 4, 7, 9, 10, and 13 conforms very well to the hypotheses under consideration. In these, there were 578 susceptible plants out of a total population of 3,674, or 15.7 per cent. The average per cent expected from these families, according to figure 1, is 17.1. The homozygous resistant families are too few to support the above hy pothesis. In fact, as noted earlier, there are hardly enough to satisfy the hypothesis of a single dominant gene. The question arises as to whether this is a chance deviation or a result of incorrect classification of some of the families. There is a corresponding excess of families among those classified as segregating for 3 :1 and higher ratios. It will be recalled that one resistant parent plant (table 1) had a fairly high population of nymphs. It was also pointed out that some plants, homozygous for the recessive gene only, sup ported populations approaching the lower limits of the homozygous suscep tible plants. This fact suggests that there might have been some incorrect classifications, especially in families arising from Aabl·, genotypes where one fourth of the population would be intermediate. However, every effort was made to guard against incorrect classifications by retesting susceptible plants in segregating families if there was any doubt about their susceptibility. Certainly the entire deficit was not likely to be accounted for in this way. There is no evidence that the 256 families did not represent a random sample. Nor is there reason to believe that homozygous resistant plants did not seed as readily as others.
DISCUSSION AND CONCLUSIONS
The development of insect-resistant crops presupposes the discovery of re sistant varieties or selections. If it becomes necessary to breed a variety suited to some particular area, a knowledge of the genetics of resistance is essential to a well-planned and intelligent breeding program.
A necessary adjunct to a study of resistance is a suitable method of testing that will not only distinguish between resistant and susceptible plants but will also distinguish between different levels of resistance. The procedure used here-that of caging one second-instar nymph of the pea aphid with each plant-was satisfactory for detecting homozygous susceptible plants.
Only about one half of the heterozygous susceptible plants resulting from the action of a recessive resistant gene, however, fell in the susceptible group in F 2 , as determined by progeny tests. It was felt that the above procedure gave a fairly accurate classification of F 3 families.
The F 3 data clearly indicate the presence of a recessive resistant gene. At least one, and probably only one, dominant gene also is present. This pro portion of homozygous to heterozygous families suggests the presence of link age with a crossover value of about 28 per cent indicated.
For no apparent reason there was a deficiency of homozygous resistant families and a corresponding excess of heterozygous families. This divergence could not be explained on the basis of linkage or any other genetic theory tried.
Comparatively few genetic studies have been made with alfalfa, and fre quently those have been a by-product of some other problem. For the most part, the data have not yielded the simple genetic ratios usually found in June, 1950] Jones-Brig g s-Blanchard : Resistance to Pea Aphid in Alfalfa 17 other crops. The chromosome number in common alfalfa indicates that it is a tetraploid. Recently Tysdal, Kiesselbach, and Westover (1942) suggested that it is an autotetraploid, and that some segregation products found may be explained on the basis of random chromatid segregation. This theory did not apply in the case of aphid resistance. Along with this genetic study, we have made satisfactory progress in breed ing an aphid-resistant alfalfa of the Common Chilean type. Although the project is not yet completed, there is every reason to believe it will be suc cessful. 
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